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MULTIPLE FREQUENCY GRAIN MOISTURE manner which the loading auger location may, Despite these 
SENSOR FOR COMBINES improvements, a number of problems remain with mounting 

a moisture sensor on the side of the clean grain elevator in 
CROSS REFERENCE TO A RELATED a combine. One problem relates to the slow cycle time of the 

APPLICATION 5 moisture sensor. In a low flow condition which is not 

Ibis application is a division of U.S. Ser. No. 10/003,884 S U "~ U D ^ f ££2??* ™ 
fii#»H rw 9* mm n c d*# m« < to* iaii s,ow 10 nUt * or cxam P Ie » « may take up to four minutes to 

filed Oct 25, 2001 now U.S. Pat. No. 6,686,749. fiU thc sensor. Therefore, the number of moisture sensor 

BAnCfiRonNT. nv thp TMVPwrinw readings is reduced and the moisture sensor data is insuffi- 

BACKGROUND OF THE INVENTION ^ cient for providing accurate measuremenls for rao isture 

1) Field of the Invention ma P s » yield determinations, and other purposes. 

The present invention relates generally to grain moisture . A mrtner problem with mounting moisture sensors on the 

sensors. More specifically, the present invention relates to an si ? e of clean ^ ain clcvat or »l*tes to the sensitivity of 

improved grain moisture seosor for combines. m ^ mounting location in the presence of side slopes. It is not 

2) Related Art is UDCommon for a combine to be operating on a hill or slope. 

u u a • » • When the combine is operated on a slope such that the grain 

Gram moisture sensors have been used in combines, flow di rectcd away from me mois ^ rc ^ x Mt fi fe 

particular y in precision agnculture applications. Contmu- nearly ^possible to fill the grain moisture sensor with 

^™ ^ am h m0Bm /^ acbn P a* sufficient grain to make a moisiure determination. 

tor to observe the moisture of the gram as it is being a a.^uJ, ut ~ -.u »• • . , 

harvested. In conjunction with a GPS unit, a moisture sensoT 20 „. ? ro 6 T T"^ 8 , SCDS ° rS 0n ' he 

can be used to provide moisture mapping. In addition t^H^T'l ™ 0 ^ ^ "? uted ° D 

moisture senses are used in yield mom P torufg applications ^f,H n l ul- ^ ^ ^^elevator, any gram leaks that occur 

When used in combination with a grain flow *nsor £ kS^^^spu^gonmegmund.^megram 

moisture sensor information is often used to calculate the A V;. . . , 

number of dry bushels in a field and the number of bushels 25 An0th " p ' ob ! em 1 m 8 ram "«mg ^ates to the 

per acre based on the number of wet bushels and the "f* au TypiMUy, the sensor ceU consists of a parallel 

moisture content. p capacitor m which the grain serves as the dielectric 

\Ar.i*,..~ u- ■ j * material. The cell capacitance and therefore the permittivity 

on, nflT T^T^*™ T 0D y T tCd ? of the V** between the plates is measured. From this 

^ v ^P^^^ of *«^»»^^ 30 measurement, the moisture of the grain is determined, 

tank auger. The gram tank auger is also known as to loading Nonnall ^ cell desi ^ „ not ^ close t0 ™ ideal 

auger in a combine^ There are a number of problems with parallel £ ate d(or aHesired. In particular! prior art 

*T? 5° ^ *>< grainmoisture sensors for uL in combines use 

that in order to mount the moisture sensor the flighting of the ^ mat are ^ ^ io electrfc fiekf ^ effects A ^ 

matrif^^^ W* 35 effect occurs when electric field lines arf not bl JS 

SfLnl^fth ? , reqmieS h ! ° Pe ? t0r to ^ ean andperpendculartomep^ 

™ JT?n* I ^ TT° ■T" 15 ^ ^^^P ^fringe effects produce an uncontrollable influence on 

may be inaccurate or me moisture sensor may be moperable. ^ mea su7ements from material other than grain that is 

A further problem with mounting the moisture sensor in close to the cell but outside of the cell. Another problem with 

the loading auger of a combine is the lag time or delay 40 cell designs is that they do not produce uniformly dense 

encountered when measuring moisture. When the moisture electric field lines between the parallel plates. The nonuni- 

sensor is mounted in the loading auger position, moisture form electric field density creates the problem of unequal 

sensor readings arc >not taken until the grain is actually in the sensitivity to grain throughout the cell. Thus the measure- 

loading auger of the combine. Therefore, grain must travel me nts of the moisture of the grain within the cell are not as 

up the elevator and fill the sump of the transition housing 45 accurate as desired in these respects, 

before the auger is able to dehver grain to the sensor and a Another problem relating to the prior art relates to the 

^?Z™r? mCUt ' T * tota f" ^ * flcicnc r *» method for measuring cell capacLce. Measuring the 

S^^mli T "ST !f f prCC1S10n , stance of a cell rifled with jrain is a traditional way of 

P £t ^fT g r more th d ^cult to correcfly associate obtaining &&in moisture . ™ ere * are two common prio / art 

a partcular field location with a particular gram moisture. 50 methods for measuring cell capacitance. The first method is 

A further problem with mounting grain moisture sensors to sense the changes in frequency of a variable oscillator that 

m a loading auger is that such a moisture system does not uses cell capacitance as one of its frequency determining 

provide for determining when there is sufficient grain elements. The second method is to excite the cell capaci- 

present for a gram moisture measurement. Grain moisture tance with a signal having a known frequency and to 

sensors usually include capacitive plates. The volume 55 measure the absolute value of the resulting cell current, 

between the plates must be covered before an accurate grain usually with a bridge type of circuit and a peak detector, and 

moisture measurement can be made. A moisture sensor that then to calculate the capacitance of the cell Both of these 

is not filled with grain is not accurately measuring the methods tend to be dependent on grain cell construction and 

moisture of the grain. Therefore, this inability to know when are sensitive to noise, changes in circuit characteristics, and 

the capacitive plate is covered can result in erroneous grain 60 parasitic effects. The first method also has the problem of 

moisture measurements. poor control of frequency, especially as moisture varies. 

Another location that has been used to mount grain Both of these methods are also single dimensional, lacking 

moisture sensors is on the side of the clean grain elevator. the ability to measure both the dielectric and the loss 

The clean grain elevator mounting location is thought to properties of the grain. Therefore numerous problems 
provide a steadier flow of grain. Further, the clean grain 65 remain with this type of sensing. 

elevator location may avoid causing accelerated wear of the The combination of the dielectric and loss parameters is 

auger assembly and does not obstruct grain flow in the known as the complex permittivity. Complex permittivity is 
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an intrinsic, frequency dependent material property. The Another aspect of the present invention relates to the cell 

knowledge of the grain's complex permittivity at more than design of the sensor. The cell of the present invention 

one frequency has been found to be a part of advanced includes a driven plate to which excitation voltages are 

moisture level assessment as has been demonstrated by applied, a sense plate proximate and parallel to the driven 

VbDA studies. Despite this observation, problems remain. 5 plate for measuring current that passes through the cell, a fill 

BRIEF SUMMARY OF THE INVENTION pl « te . ■J"** 10 *» ■» P ,ate for determining when the 

cell is full, and a guard adjacent to the sense plate and the 

It is therefore an object of the present invention to provide fill plate for protecting the sense plate and the fill plate. The 

a grain moisture sensor for use on a combine that improves guard is electrically isolated from, but at the same potential 

upon the state of the art. io as a sensed plate. The guard is parallel to and dimensionally 

It is another object of the present invention to provide a ,ar ger than the sense plate in order to shape the electric field, 

grain moisture sensor that provides accurate and consistent The presence of the guard plate provides the advantage of 

grain moisture measurements. straight electric field lines perpendicular to the sense plate 

It is a further object of the present invention to provide a and °* uniform density throughout the region between the 

grain moisture sensor that does not require the removal of 15 P^el plates. This results in reduced fringe effects and 

flighting in the loading auger for cleaning. uniform electric field density allowing for equal sensitivity 

Yet another object of the present invention is to provide a 10 erain ^^Shoul the cell. In addition, the guard shields the 

grain moisture sensor that avoids lags in time between when scasc plale from extcrnal electric fields generated by sources 

grain is harvested and when the moisture measurement is °? er ^ dnvcn plate * ^ m P late Provides the 

taken. 20 advantage of accurate determination of whether or not the 

A further object of the present invention is to provide a *f 

grain moisture sensor that is capable of determining when . ™ hcr ^P^ 1 of P rtscnt invention is the method in 

the sensor cell is full. which the capacitance of a cell filled with grain is measured. 

Yet another object of the present invention is to provide an „ ™ C f^* ^t° n t P 10 ^^ measurement of the 

improved grain moisture sensor that is less affected by low "^P«^««*»«mD .Further, the present inven- 

flow conditions. y Uon provides for measurement of the complex permittivity 

v*t e »k *• . . , at morc ti** n one frequency. This provides the advantage of 

ar2^Z t } / PreSeD T ? ".*! prOVlde a permittin S compensation for variations in grain density and 

to^ZfTi ffi^* m f * TOmbm < * a f * f*<* itiv < conductivity effects which is particularly important in 

to changes in the side slope of the ground being harvested. 30 mobile moisture sensing applications such as the use of a 

Yet another object of the present invention is to provide a moisture sensor on a combine. According to this aspect of 

gram moisture sensor that contains grain leaks. the present invention, the circuit measures the real and 

Astill further object of the present invention is to provide imaginary components of both the excitation voltage and the 

a grain moisture sensor with a cell that has characteristics sense current. From these values, the complex admittance of 

closer to an ideal parallel plate capacitor. 3S the cell is calculated. The measurements are repeated for the 

A still further object of the present invention is to provide empty cell and the cell filled with grain. When the empty cell 

a grain moisture sensor that provides for uniform electric * not available, the calibrated reference admittances are 

field density to allow for equal sensitivity to grain through- instead. The grain complex permittivity can then be 

out the cell. ^ calculated from these measurements. Mixers are used in the 
Yet another object of the present invention is to provide a 40 measurement 0I " real m< * imaginary components of the 

grain moisture sensor with a cell for reducing fringe effects vol tage and current This synchronous detection method has 

produced by material other than grain that may be close to, a verv narrow oan d filtering effect, greatly reducing noise 

but outside of the cell. ' influence on the measurement. A virtual ground method of 

Yet another object of the present invention is to provide a measurin g low-level currents is used to provide the advan- 

grain moisture sensor that provides for increased protection lage ° f a substan tial reduction in the influence of parasitic 

from electromagnetic interference. elements at the current sensing node. In addition, measure- 

AstiU further object of the present invention is to provide mtntS °" n b ? GmcM m me caIibra ted references to 

a grain moisture sensor that provides for the measurement of COmpe t nsate f ° r any environmental changes that may influ- 

complex permittivity of the grain encc mc circuit cnarac teristics. This provides the advantage 

Another object of the present invention is to provide a * of stablc u and rc P etitivc resulte « 

grain moisture sensor that provides for the measurement of . . matter ' the P resent invenl ion provides advantages 

complex permittivity of the grain at more than one fre- m im P roved &* m moisture sensor. 

qUe ° Cy * . . ■ BRIEF DESCRIPTION OF THE DRAWINGS 

Agrain moisture sensor of the present invention provides 55 1A . ... 

for the sensing of the moisture of grain being harvested by . 1Als a Slde view that shows a combine with a grain 

a combine. One aspect of the present invention relates to the moistaK sen sor according to the present invention, 

location of the grain moisture sensor on the combine. IB is aside view of the grain moisture sensor of the 

According to the , present invention, the grain moisture present invention mounted in a combine and in a fill posi- 

sensor is mounted pff of the front of the clean grain elevator 60 tio0 ' 

transition housing inside of the grain tank. This provides the FIG- 1C is a side view of the grain moisture sensor of the 

advantages of access to the grain moisture sensor if required present invention mounted in a combine in a sensing posi- 

and the advantage that all leaks are contained. A further tion. 

advantage is that the grain moisture sensor fills positively FIG. 2 is a side cross section of the cell of the grain 

with grain. Further, this location of the grain moisture sensor 65 moisture sensor of the present invention 

allows for the sensor to always be filled regardless of the FIG. 3 is a side cross section of the cell of FIG. 2 showing 

slope conditions of the combine. the equipotential lines of the electric field that is created 
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when an excitation voltage is applied to the driven plate of plate is to produce the equivalent of an ideal parallel plate 
the present invention. capacitor without fringe effects. Tbe electric field lines are 

FIG. 4 is a circuit schematic of a model for the capacitor straight in nature and perpendicular to the sense and fill 
cell according to the present invention. plates. Further, the electric field lines are uniform in density 

FIG. 5 is a block diagram of the admittance measuring s fhroughout the region between the parallel plates. The result 
circuit according to the grain moisture sensor of the present k mal ^ rm 8 e effects are reduced. Fringe effects produce 
invention. uncontrollable influence on the measurements from material 

FIGS. 6A and 6B are block diagrams of the moisture jf" £ ai ? to ^ outeide of the cell, 

sensor circuit according to the present invention. Here, Oie slight electric field lines within the ceil show that 

io the cell is largely immune from that influence. Further, the 
DETAILED DESCRIPTION OF THE uniform electric field density provides for equal sensitivity 

INVENTION 10 throughout the entire cell. In addition, the entire cell 

and the electronics are contained in a metal enclosure 60. 
FIG. 1A shows a combine having a grain moisture sensor The metal enclosure 60 serves as an electromagnetic inter- 
according to the present invention. In FIG. 1A, the combine is ference shield, further isolating the entire cell from other 
2 is shown with a gjain tank 10. In addition, the clean grain sources of electromagnetic energy, 
elevator 4 is shown. Grain from the clean grain elevator 4 The present invention provides for grain moisture calcu- 
travels to the transition housing 15 of the grain tank 10. The lations based on the measurement of the complex relative 
sump 6 of the transition housing is also shown. permittivity of the grain (henceforth referred to as "complex 

FIGS. IB and 1C show side views of the grain moisture 20 permittivity"). FIG. 4 illustrates a schematic diagram of a 
sensor of the present invention as mounted in a combine. circuit that is electrically equivalent to the capacitor cell of 
The grain tank 10 shown includes the grain moisture sensor the present invention. This equivalent circuit includes an 
12. The grain moisture sensor 12 is located in the grain tank ideal capacitor 82 having a value of C in parallel with an 
10 of the combine near the mass flow sensor 11. The cell ideal resistor 92 having a value of R. The ideal capacitor 82 
opening 16 is located below the impact plate 14 in the 25 represents the capacitive or energy storing property of the 
transition housing 15. Although an impact plate 14 is shown, cell and the ideal resistor 92 represents the conductive or 
the present invention contemplates that other deflectors can energy dissipating property of the cell. C and R are depen- 
be used. In this location, the cell 13 is positively filled due dent on the frequency of excitation and on the moisture, 
to the direct or indirect velocities of grain created from the temperature, and certain other properties of the grain, 
clean grain elevator paddles (not shown). This permits the 30 The complex admittance of the cell is 
cell 13 to be filled at high rates. This reduces any problems 
with slow cycle times associated with low flow conditions as i 
here, the cell 13 is filled at a high rate due to its placement Y = r C 

within the stream of grain created by the clean grain eleva- 
tor. The cell 13 is placed in line with the cell inlet. A 35 
plunger/piston 18 with an electric actuator is used to force where 
the grain sample back out of the inlet opening. In FIG. 1C, co«2 -ji f 
the cell 13 and plungeryipiston 18 are in a sensing position. f-frequency of excitation 

FIG. 2 illustrates a side view of the cell 13 of the present j»the imaginary unit 
invention. The cell opening 16 or spacing is filled with grain. 40 When the cell is empty it has essentially no energy 
On either side of the spacing are parallel capacitor plates 64 dissipating properties. Its admittance is very close to that of 
and 68. The driven plate 64 is the plate to which an an ideal capacitor having a value of C^: 
excitation voltage is applied. The sense plate 68 is the plate 
at which current is measured passing through the cell. The Yari'<*Cce 

fill plate 66 is adjacent to the sense plate 68 and parallel to 45 wu»» cilj ^ • «. u . 

the driven plate 64 ^ n me ccl1 18 mie6 wth u has both energy 

~ m ' . r . . . , dissipating and energy storing properties. Its admittance is 

The fill sensor plate is one-fourth the size of the sense 
plate, lb determine when the cell is full, the fill plate should i 
indicate a measured reading of one-fourth the sense plate 50 YcF = ^ 
measured reading. Although in this embodiment the fill 
sensor is one-fourth the size of the sense plate, the present 

invention contemplates numerous variations in the sizes of Dividing the filled cell admittance by the empty cell admit- 
the plates. This is merely one example of a relative size tance S* ves 
which is convenient and useful. 

i 55 I 

The guard 70 is strategically placed behind the sense plate Y + j • w • C C p 

68 and the fill plate 66. The guard 70 is parallel to and = hta-c 

dimensionally larger than the sense plate 68 in order to shape a CE 

the electric field. In addition, the guard 70 also shields the — 

sense plate from external electric fields generated by sources 60 = RcF + — 

other than the driven plate 64. J-»-C« C cs 

CCF 1 



FIG. 3 illustrates the cell of the moisture sensor with the = — - j 



CcE (O'Cqe'RcK 



equipotential lines of the electric field that is generated when 
an excitation signal is applied to the driven plate 64. Due to 
the placement of the shield or guard 70, which is electrically 65 This ratio is the complex permittivity of the grain. Complex 
isolated from but at the same potential as the sense plate 68, permittivity is an intrinsic material property, dependent only 
the effect on the electric field lines in the vicinity of the sense on the frequency of excitation and on the moisture, 
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Elft^ P Ti tieS ° f , ! ? e & T 11 is W ** * defined 85 a volta S e value t^t represents 

independent of the dimensions and shape of the cell. Com- the voltage across the second reference 

plex permittivity is commonly written as follows: i c is the complex current passing through the cell. 

c-c'-y-c- Iju is the complex current passing through the first refer- 

5 ence. 

W V*, *R2 k the complex current passing throughout the second 

e-dielectnc constant reference. 

e M -loss factor V c is the complex voltage across the cell. 

It is an objective of the circuitry of the present invention Ywi is the complex voltage across the first reference, 
to measure the empty cell admittance and the full cell 10 Y» » the complex voltage across the second reference, 
admittance in order to use the above equations to compute Y c is the complex admittance of the cell, 
the complex permittivity of the grain. As shown on FIG. 4, Xri fe the complex admittance of the first reference, 
the complex excitation voltage, is applied across the Tra is the complex admittance of the second reference, 
circuit. The resulting complex current, I 0 flows through the H is the transfer function of the circuitry that performs 
circuit. V c has real component V r and imaginary component 15 complex current measurements. 

v / : 0 is the transfer function of the circuitry that performs 

complex voltage measurements. 
v ^ v tf y i V s is the generated source voltage. 

I c has real component I r and imaginary component 1/ ^° * thc transfcr function for cell drive voltage. 

" ' ' 20 Ar is the transfer function for reference drive voltage. 

Wr+M D is the transfer function of the phase and gain mismatch 

By measuring V„ V„ \ n and I„ the complex admittance Y between the measured real (in-phase) and measured imagi- 
can be calculated using complex arithmetic: narv (quadrature) components of the complex current and 

voltage. This mismatch is caused by imperfections in the 
K= l£- = !l±L1l 25 circuil eIeme °ts that do the measuring. D is also known as 

= yc " Vr+J Vt "mixer transformation matrix'*. It is an object of the 

present invention to measure the value of D and to correct 
for its influence. 

. illustrates the admittance measuring circuit used in In the admittance measuring circuit 100, a generated 

toe grain moisture sensor according to the present invention. 30 source voltage 102 (VJ is selectively applied to the cell or 
Jn FIG 5, the admittance measuring circuit 100 is shown. to one of a plurality of references through an associated 
Forexplanationpurposes, the following definitions are used: transfer function as indicated by reference numerals 104 
Undefined as the measured value of Undefined below. 106, and 108. When V s is applied to transfer function a! 
JW is the real part (in phase signal value) of U* lm 104, a voltage V c is produced which is applied to tht 

V Rlm2 is the imaginary part (quadrature signal value) of 35 complex admittance for the cell, Y c 110. Similarly, when the 
« fi . . , r¥T AA _ voltage 102 (V s ) is applied to a first transfer function A* 106 

is defined as the measured value of defined below. the resulting voltage V rJ is applied to the complex admit- 
U^, is the real part (in phase signal value) of IW tance of the first reference admittance, Y R1 112, and when 

JW * the imagmary part (quadrature signal value) of the signal 102 is applied to the second transfer function \ 
tt*-' * /« » . 40 the resulting voltage Vj» is applied to the second 

n Cm "I fli T ^ measured value of U c defined below. complex admittance 114 (Y«). Each of the resulting cur- 
Uc^ is the real part (in phase signal value) of U Cw rents is summed in an adder 116. Where only one pith is 

l-jona is the imaginary part (quadrature signal value) of U Cm . selected, only one of these signals will be nonzero. The 
W^ m is defined as the measured value of W M defined resulting current is then I c if the cell is selected, 1^ if the 
w ic _ j ♦ /• l • , , x 45 ^ referen <* ^ selected, and 1^ if the second reference is 

w ml * ^ - p - (W P *f VdU f } ° f *tete± The resulting current flows through a circuit having 

W^ m2 is the imagmary part (quadrature signal value) of transfer function H 120, H being a transfer function for 

wT'is defined as the m ^„A „>U„ ?™!^ 



. . . ; v.- -v —r — - — o — "Kim ov.tvitu. lucicsuiung current nows ttrrougli a circuit having 

Vf Mm2 is the imaginary part (quadrature signal value) of transfer function H 120, H being a transfer function for 

w""' • . fl . • . . , converting complex current to a complex voltage for mea- 

15 deflned 35 the measured value of denned surement purposes. The resulting voltage measured through 

w ,u i t ... v J o node 121 represents the complex current through either the 

W^, b the real part (m phase signal value) of W,^. cell admittance or one of the reference admittances. The real 

Wj^j is the imagmary part (quadrature signal value) of and imaginary (in-phase and quadrature) components of this 

T1 > ,Qm : . voltage are determined by applying the voltaae to the 

is denned as the measured value of W c defined below. subcircuit consisting of blocks 128, 129, and 130 as shown 

W^, is the real part (m phase signal value) of W Cm 55 in FIG. 5. Thus in this manner, voltages U^, and U , 

is the imagmary part (quadrature signal value) of representing the complex current through the «11 are meT 

r, 0 ?" ... . , sured. By selecting either of the references, voltages repre- 

™f^„ D X V01 ? ge VdUe repfeSentS ** Senli0 8 *• ^P 1 " current ^°«gh the first reference or 

current passing through the cell. through the second reference can also be measured. 

HP!? voltage vdue that represents the 60 In addition to measuring voltages that represent the com- 
H E 8 throUgh , the & f reference : Pto current values, voltages that represent the complex 

U^is defined as a complex voltage value that represents the voltage values are also calculated according to the circuit 

dSn?. ^° Ug . T Dd • nc V0,ta 6 es bom °» « U ' V c th. first reference. V™ 

is defined as a complex voltage value that represents the the second reference, V„ 2 are appHed to an adder US As 

W T £ZZ , u , u 65 0my one of ** refercDCes or the ceU is selected at a time, 

W,,, is defined as a complex voltage value that represents only one of these values will be non-zero. The result is 
the voltage across the first reference. applied to a transfer function 126 resulting in a complex 



! 
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voltage at node 127. The real and imaginary (in-pbase and To make accurate current and voltage measurements it is 

128, 129, and 130 as shown in FIG. 5. oscillator signals used with mixers 216, 220, and 224 to 

In this manner, the circuit shown in FIG. 5 provides for extract the real and imaginary components of complex 

determination of the real and imaginary parts of both the 5 signals have a phase difference of exactly 90 degrees and 

voltageand the current associated with a particular admit- have identical amplitudes at their fundamental frequencies 

? a . lttai ! C ? being either * hal &ssoc }^ with the Errors will be introduced to the extent that this is not the 
cell of the grain moisture sensor or that associated with one _ D , 7 *. 1 m% ~ 19 no1 lDC 

of the reference admittances of the grain V"? tW0 reference adnu "* nce * of known and 

lb further explain, the following mathematical relation- 10 s abIe vaIucs howevcr » corrections to these errors are made, 
ships are present: The D functions 124 and 130 represent the distortion of 

the imaginary part with the respect to the real part of all 
g=— H a - measured complex values. All measured values U m and W m 

v 1 can be corrected, using the same formula to obtain U and w[ 

15 which are the values before any measurement distortion 
In each case, the respective transfer functions are defined error is introduced. 

SSon ati ° ° f ° UtPUt ° f ^ fimCti0D t0 ** iDpUt ° f lhe ^ foUowm 8 is the distorted relationship between the 

In addition, the admittance is defined mathematically as- OTm P lex voltages representing cell and reference currents 

' and their measured values: 
20 

U 

G where: 

25 

Given these general relationships, the admittance of a rr l = PFC=\ 0 ] 

reference is defined as: I pfc* pf^ J 

* « 30 

Further, the empty cell admittance, YCE, and a full cell ^ same distorted relationship holds between the corn- 
admittance, YCF, are calculated as follows: P lex voltages representing cell and reference voltages and 

their measured values: 

y Uck G 35 
a " Wcs H WHl f\D" l U m 

Y a ^cr G 

v w CF ' H where: 

40 r i o 1 

If me measurements for me reference admittance and the D ' 1 = pfc=\ 

cell admittance are done in the same environmental pf p/ } 

conditions, it can be assumed that both G and H are the same w f w«j 1 

in the cell admittance equations and the reference admit- [ H"u J 

tance equations. Then the following characterizes the empty 
cell and reference calibration factor F: 45 

Expanding the above equations gives 

The reference calibration factor, F, gives the ratio of the 5 ° WmW mi+J'(pfci-w ml +pfc2 W m J 

reference admittance to the empty cell admittance at the 

same environmental conditions. Thus a reference admittance The pfel and pfc2 correction factors are found through 
can be used instead of an empty cell admittance for cali- me use of two different references having known and stable 
bration purposes. admittance values of different phase angles. As an example, 

Assuming that F will stay constant, the sampled grain's in one embodiment of the present invention the first refer- 
complex permittivity can be calculated as: ence is a temperature stable 1% capacitor (COG) with a 

value of 15 pF (admittance Y R1 ) and the second reference is 
« = w cr ' J • F a precision 0.1% resistor with value of 2000 Q (admittance 

CF * 60 Y /w)- 0tner reference values may be used as well. 

The ratio of the reference admittances is computed as 
Where: follows, with the example values also shown: 

Thus, the present invention provides for measurement of 65 * = vt = <** = 2000^.(2*./ 15 ■ 10" ,Z ) 
the complex permittivity of grain for moisture sensing 
purposes. 
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TTie ratio of the raw measurements of two references is: wave generator 178 is electrically connected to three switch 

m P ut s of dual quad switch 198. In addition, the output from 
Rm » —jP- to* fire * sine wave generator 178 is electrically connected to 

Rl w a 90 degree phase shifter 194. The 90 degree phase, shifter 

5 194 is constructed such that its output signal is 90 degrees 
Expanding the above equation to include the measured ou . 1 of P hase with ite in P ut signal. ^ 90 degree phase 
values results in: shifter 194 fe electrically connected a switch input of the 

dual quad input switch 198. The output of the second sine 
^J(U Htmr pfci ♦ u Ktmi - P fc2))- wa ™ generator 180 is similarly connected. 

(HW+i<HW 10 ™ to Slne wavc 8«ntor 178 and the second sine 
^iWJ(Wjfr/*W*a»- wave f T l ° r 180 °P crate at ^rent frequencies. For 

iU^i+KU^rPfcl + UM.pfcl)) "Km I ^ geDCrat0r 178 ° pefateS *' 10 

w MHz while the second sine wave generator 180 operates at 

1 MHz. 

Rm is set equal to R and two quadratic equations in two 15 ^ dual <l uad m P ut switch 198 is controlled by input 174 
unknowns (pfcl, pfc2) are derived: ai *d input 172that are used to select one of the signals. One 

- 2 . . 2 of the outputs from the switch is electrically connected to an 

* l put) *irf c i'Pfa+*iPfcx+'iPfcrfrQ (from real input of the dual quad output switch 200. Inputs 168 and 170 

are connected to the switch 200 to control which of the 
Hrtfa^^fcri^rt^ffa^ (from imagi- 20 '°J I * ute » selected. The outputs are buffered and then 
a «y P» rt ) electrically connected to the sensor cell 208, a first reference 

where- admittance 210, and a second reference admittance 212. The 

* reference admittances are used for calibration purposes. 

a i^' w ia«i Urzmi-U^j W^j As shown in FIG. 6B, the buffered outputs, which drive 

^"O/W/ami'U^mi 25 the ceU and the two references, are also electrically con- 

VQ/* W* W U^ 2 -U^ W^ 2 nected . 10 a suinming circuit 214. The output from the 

b*-Qr-W„ vtU summing circuit 214 is electrically connected, through high 

c -O W U ±n w it TI „, filler 21s > to a mixer 216. This mixer 216 also has a 

' II w 1 /am2 * Rlm2 ' u **"i ~ U ^i«i ' W ^»2- local oscillator input electrically connected to an output 

30 from the switch 198 (FIG. 6A). The output of mixer 216 

* in w Ti paSSeS l0W pass filter 226 and » men electrically 

a i Vfjumi ^R2m\ connected to an analog-to-digital converter and read by the 

2-aj microcontroller. The output of the mixer 216 has a DC 

^^(Wju^-Ujb^+Wj^-Ujo,^) V0 J to 8 e ^at ^ proportional to that component of the input 

e^- c x 35 yol H G signal that is in-phase with the local oscillator, 

f^a, ^ P^te of the sensor cell 208 and the first 

. reference 210 and the second reference 212 of FIG. 6A are 

rS, e(> , )mft . A . , electricaUy connected to a summing current to voltace 

neo^fWcl Sli^ ° n - 8 7 ^ T^" COnVerter 218 10 RG 68 The summing curreirt to 

uT? wi P m P ° 2 - ^ a ^P'* 6108 ^ form solution 40 voltage converter has a low impedance, virtual Iround tyoe 

L» 17 S it' 7 m n^ be 60,Wd . T of in?"'- The output of the summing SSSSoffi 

S for numerical equation solving converter is electrically connected, throuriS mi filter 

?™ . . ^_ ^ - P^ 2 " 1 ) ^ 18 P«ferably used a local oscillator input electrically connected to an cutout 
for a starting point. In theory four different solutions are 45 from switch 198 (FIG. « A). The outpuTof mfcer220 ZsT* 

££T£v * un P 1 f m . entation . an appropriate to an /VD inverter and read byTmSK 

r»* n can ^ set. This is not likely to happen, output of the mixer 220 has a DC ISmSSS^SI 

e^'ndS^^^ 

J^J^SHfilT 8 SCh ^ atiC °- m0istUre In «***M« c«nent, I F from the fill plate on the sensor 

sensor according to the present invention. The schematic cell 208 (shown in FIG 6A) oasses throtU the «Tmnf7« 

° UtpUtli,,eS to volUgecinve^m^SSSSnver^ 

fn.^ n -f° f ' ^ h a ! 8 P roc «^r ( microcontroller, has a low impedance, virtual ground type of input The 

mtegrated circuit, or odter device This schematic shows 55 output of the <£nent to voltage LverteS is cScS 

merely one circuit configuration of the present invention. connected, through high p ass filter223 to athird mi*er224 

The present invention provides for the ability to selectively The third mixer 224 S£ has \toa^mZ iZ^^ 

S% o°f n fret a n£ ali,y ° f 0 "* te admi " anW!S M " r* 1 ? ' r ° u! ^ fiSMftt 

controUer) are shown in FIG. 6A. The inputs include a first verier and read by the mknontateTtt cXiriZn 

frequency tnput 164 and a second frequency input 166. permits monitoring of the SSS»S mSS 

Opuonally a fitst ane wave generator 178 and a second sine to that of the sens! plate. wSenthfe relatonlhio k oronnr 

wave generator 180 are used. The sine wave generators take tional to the relate sSs of me ^ i£S U 
me square wave output of a microcontroller, divide the 65 208 is considered full of grain 

frequency as necessary, and smooth the output such that a The synchronous detection method for measuring com 

sinusoidal signal is produced. The output from the first sine plexsignals through the J "!mJSS!S^ 
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a low pass filter, as described above, has a very narrow band 4. A method of claim 1 further comprising- 

m^~ e Sf^! a . Uy redU ; iDg ,. D T ! , inflUenCe 00 the measuring real and imaginary components of an excita- 

measurement. The virtual ground method of measuring very tion voltage having a frequency applied to a driven 

low-level currents is used to provide the advantage of a plate of a parallel plate cell- 

substantial reduction in the influence of parasitic elements at 5 measuri fea , fa . 

rT^LT^ ? ,„ current^nsed at a scrgpZ JSSS pL™ 

Returning to FIO. 6A, a thermistor or other temperature calculating the first complex admittance of the parallel 

sensor is attached to the driven plate of the sensor cell 208. plate cell- oi me paraiiei 

This is only one example of temperature sensor placement. calculating the second complex admittance of a reference 

The temperature sensor may also be attached to one of the 10 admittance- and rererence 

other plates in the cell The measurement of temperature calculating a grain complex permittivity 

^TE^Sf" 10 ? 1 aCCOrd ! n * , y- 5. Amethod of measuring moisture of g«in comprising: 

jdus a detailed schematic for the present invention has m „ aM ♦ . , . 7 e , . 

been shown and described. THat which is sholTmerS Z%Z & Sl„Tf ^^f/f 1111 < xdta - 

oneembodimentof^^^ " plateof^^^ ^ l ° 3 ^ 

tion. The present invention contemplates variations in the m ?l P , J • • 

frequencies used, the number of references, the particular ™?J^L? t d C0 *P° nen * ? f a 

electrical components used to perform a particular function ?T* 1 ^ pIat6 ° f paraUel plate 

or set of functions, and other variations. calculating a complex admittance of the parallel plate cell; 

Therefore a novel grain moisture sensor has been dis- 20 caIculatin g a complex admittance of a reference admit- 

closed. According to one aspect of the invention, the grain tancc i 30(1 

moisture sensor provides for the measurement of complex calculating a grain complex permittivity, 

admittance at multiple frequencies. According to another The method of claim 5 further comprising using a 

aspect of the invention, the grain moisture sensor is mounted Polity of references to determine one or more distortion 
in the grain tank of a combine. According to another aspect 25 characteristics of measuring the real and imaginary compo- 

of the present invention, the grain moisture sensor is of a ncnts * 

sensor cell design that guards the capacitive plates from 7 * The metnod of claim 6 further comprising correcting 

fringe effects. According to another aspect of the invention, for ^ detcra rincd distortion characteristics, 

a fill sensor is provided so that accurate determinations can ^ metDod OI * claim further comprising correcting 
be made as to when the sensor cell is full and ready for 30 for ^ deten ained distortion characteristics, 

measurement. 9. Hie method of claim 5 wherein the reference admit- 

What is claimed is: tance is selected from a set comprising the parallel plate cell 

1. A method of grain moisture sensing and measurement wben em P r > r ' 4 capacitive load, and a complex impedance 

comprising: load. 

m ~ r f 35 io. The method of claim 5 further comprising changing 

selecting a frequency from a plurality of frequencies; the frequency of the excitation voltage. 

applying the frequency to a parallel plate cell filled with 11. The method of claim 5 further comprising selecting 

grafr; the reference admittance. 

measuring a first complex admittance of the parallel plate l 2 - Th e method of claim 5 further comprising using a 
cell filled with grain; * 40 plurality of references to determine one or more distortion 

applying the frequency to a reference; characteristics of measuring the real and imaginary compo- 

measuring a second complex admittance of the reference; ^i^'ti^ mA *k~i ~p i • « • ... 

aD d «**uw, 13. The method of claim 5 wherein the reference admit- 

M , . , , „ tance is selected from a set comprising the parallel olate cell 

computing a compex peimittivity from the first complex 45 when empty, a capacitive loadfand 5 complex LpcdaTce 

admittance and the second complex admittance. load 

JiZ^S^ ° f IJT.- W 5 ereiD ,he , s,e P f of «Mnputtog 14. The method of claim 5 further comprising changing 

mchides applying a calibration factor to the reference admit- the frequency of the excitation voltage 

^^t^^^^ n ^7 ft W l lrfIIritta^ ~• , • 15 ^ me,hod of claim 5 further comprising selecting 

3. The method of claim 1 further comprising selecting the so me reference admittance, 
second reference admittance from a plurality of reference 
admittances. 



